Introduction
Acetone is produced industrially as a byproduct in the production of cumene. While acetone can be used as a solvent, its value can be increased by upgrading it to form methyl isobutyl ketone (MIBK) [1, 2] . MIBK is used for manufacturing paints, rubbers, and pharmaceuticals [3] . It is also used for liquid-liquid extraction of precious metals, due to its low miscibility with water [1] . Traditionally, MIBK is produced in a batch reactor in three steps: acetone coupling to form diacetone alcohol catalyzed by sodium hydroxide, diacetone alcohol dehydration to mesityl oxide catalyzed by sulfuric acid, and mesityl oxide hydrogenation to MIBK over a metal catalyst (Scheme 1) [1] . More recently, it has been demonstrated that MIBK can be produced more efficiently via a single step using a metal-supported catalyst [4] [5] [6] [7] [8] [9] [10] [11] . The support catalyzes acetone condensation to mesityl oxide and the metal promotes the subsequent hydrogenation of this intermediate to MIBK. The acidity/basicity of the support dictates whether acetone condensation follows an enol or enolate mechanism, and the strength of the acid/base sites affects the rate of reaction [4] . While many different supports (ionic resins [5, 6] , metal oxides [7] [8] [9] , mixed metal oxides [10, 11] ) are known to be active for MIBK formation, the relationship between support acid/base strength and catalytic performance remains unclear because it is difficult to modify the chemical properties of the support without changing its structure. For example, several groups have studied aldol condensation over MgO/Al 2 O 3 with varying Mg/Al ratios [12, 13] . Areal reaction rates are highest over pure MgO, which has been attributed to the high density of strongly basic O 2À sites that enhance a-hydrogen abstraction [12] . However, changing the Mg/Al ratio also affects the bulk structure and crystallite size of the supported MgO, making it difficult to determine whether differences in rates are attributed solely to differences in acid/base properties. [ [18] [19] [20] substitutions that can affect its catalytic performance. The unsubstituted form of HAP has been shown to be effective for a number of CAC bond forming processes, including Guerbet coupling of ethanol and dimerization of 2-hexanone [21, 22] . However, there have been relatively few studies showing the effects of ion substitution on catalyst activity and selectivity. Ogo et al. have shown that HAP substituted with VO 4 3À anions increases its selectivity for acetaldehyde dimerization to crotonaldehyde [23] . Silvester et al. have prepared CO 3 2À and Sr 2+ substituted samples of HAP and found that a balance of acid and base sites is needed to maximize selectivity for the Guerbet coupling of ethanol [24, 25] . It should be noted, though, that each of these catalysts was prepared by incorporating the new cations or anions during synthesis via co-precipitation. While this approach does not affect the crystal structure of HAP, it can induce changes in particle morphology and acid/base site densities, as shown by electron microscopy and TPD desorption experiments, respectively [18, 26] . An alternative approach for introducing new cations and anions is post-synthetic ion-exchange, a method that enables modification of the surface composition without alteration of the bulk properties [16] . Several authors have reported the successful substitution of Ca 2+ by other divalent cations using this approach [27, 28] . However, the exchange process can lead to partial dissolution and surface restructuring of HAP under certain conditions, which should be avoided in order to make a fair comparison between catalysts [29] . Prior studies have shown that the dissolution process can be minimized by performing the exchange in neutral to basic solutions to limit HAP solubility [30] . The goal of this study was to investigate the mechanism and kinetics of MIBK synthesis over HAP and to identify the role of cations other than Ca 2+ at the catalyst surface on the catalyst activity. To this end, we describe a method for preparing a set of cationexchanged HAP samples (Mg, Ca, Sr, Ba, Cd, Pb) and show through various characterization techniques that the bulk structure is unaffected. The acid/base properties are modulated through the identity of the cation, which in turn affects the catalyst performance. The mechanism is found to initiate with the condensation of acetone to diacetone alcohol, which then undergoes dehydration to form mesityl oxide. This rate-limiting step is catalyzed by basic sites on the surface of HAP. Since the reaction of acetone to mesityl oxide is endoergic, mesityl oxide needs to be hydrogenated to MIBK using silica-supported Pd in order to achieve high conversions of acetone. The rate of acetone condensation to mesityl oxide is strongly dependent on the basicity of O on the catalyst surface, which is influenced by the nature of the divalent cation connected to the O atom. Highest activity is observed when Ca 2+ is replaced by Sr 2+ . Density functional theory (DFT) calculations were performed to map out the free energy landscape for the condensation of acetone to mesityl oxide and to identify how the properties of the divalent cation connected to lattice O atoms affect their activity for the dehydration of diacetone alcohol.
Experimental methods

Catalyst synthesis
Hydroxyapatite (HAP) was synthesized using a modification of the procedure reported by Tsuchida et al. [31] and Hanspal et al.
[32] Aqueous solutions of 0.25 M Ca(NO 3 ) 2 Á4H 2 O and 0.55 M (NH 4 ) 2 HPO 4 were prepared and brought to a pH of 11 by addition of ammonium hydroxide. The calcium solution was added dropwise to the phosphorus solution at room temperature and stirred for 0.5 h before heating to 353 K for an additional 3 h. The resulting slurry was filtered and washed with DI water.
The calcium in HAP was exchanged with other cations by ionexchange. Mg-, Sr-, Ba-, Cd-and Pb-HAP were prepared by adding 0.2 g of HAP into a 30 mL aqueous solution of the respective nitrate precursor (Mg(NO 3 ) 2 Á6H 2 O, Sr(NO 3 ) 2 , Ba(NO 3 ) 2 = 2.5 mmol; Cd(NO 3 ) 2 Á4H 2 O, Pb(NO 3 ) 2 = 0.25 mmol). Smaller quantities of Cd and Pb nitrates were used to offset the greater ease of substitution of these cations compared to Mg, Sr, and Ba [33, 34] . The pH of the HAP solution was adjusted to 7 by addition of HNO 3 or NH 4 OH. For Pb substitution, a solution pH of 6 was used to avoid precipitation of lead hydroxides. The solution was stirred for 5 h at 298 K, filtered, washed with DI water, and dried at 393 K overnight in air.
3 wt%Pd/SiO 2 was prepared by incipient wetness impregnation using an aqueous solution of Pd(NO 3 ) 2 Á2H 2 O on a silica support (SiliaFlash150A). The catalyst was dried at 298 K overnight and calcined in 100 mL/min of air at 823 K for 2 h before use.
Characterization techniques
Powder X-ray diffraction (PXRD) patterns were taken with a Bruker D8 GADDS diffractometer equipped with a Cu-Ka source (40 kV, 40 mA). BET surface areas were calculated from nitrogen adsorption isotherms obtained using a Micromeritics Gemini VII 2390 surface area analyzer after degassing the catalyst overnight at 393 K. Basic site density was measured by temperatureprogrammed desorption (TPD) of CO 2 using a Micromeritics AutoChem II 2920 instrument equipped with a thermal conductivity detector. Samples were pretreated under He flow at 823 K for 1 h before cooling to 313 K. CO 2 (30 mL min À1 ) was introduced for 0.5 h at 313 K, after which the samples were purged with He for 0.5 h at 313 K to remove any physisorbed species from the surface. Desorption of adsorbed CO 2 was performed in flowing He (50 mL min
À1
) using a temperature ramp rate of 5 K min
. Bulk compositions were determined by ICP-OES using an Optima 7000 DV instrument with yttrium as an internal standard. Surface compositions were determined using a Kratos Axis Ultra DLD X-ray photoelectron spectrometer (XPS). Measurements were performed with an Al-Ka source (15 kV, 10 mA) at a pressure of $9 nTorr. Kinetic energies were defined by shifting the spectra so that the C 1s binding energy of adventitious carbon was 284.8 eV. Initial elemental compositions were obtained by normalizing the intensity of the characteristic peaks with an internally calibrated relative sensitivity factor. However, this normalization relies on the assumption that the sample is homogeneous across the probing depth of photoelectrons ($1 nm), which was found to be invalid when compared to elemental analysis data. Instead, the degree of ion-exchange on the surface was calculated by using the general XPS equation:
Àz=k Ek cosh dz ð1Þ
I element = intensity of XPS peak F x = x-ray flux S = transmission function r = cross-section for photoemission n Ek = normalizing factor (transmission function, photoelectron cross section) c element = concentration k EK = mean free path of photoelectron Photoelectron cross-sections were determined using Scofield factors [35] . The inelastic mean free path was determined theoretically from the TPP-2M formula using the Quases program [36] . The structural input of HAP was approximated with tricalcium phosphate because of its similarities in composition and bandgap [37, 38] . The concentration of Ca in the sample was determined with either the Ca 2s or Ca 2p photoemission, depending on the overlap in binding energies of the exchanged cation. The concentration of P was determined in a similar manner (using P 2s or P 2p emission) The substituted cations were quantified using the Ba 3d, Cd 3d, Mg KLL, Pb 4p and Sr 3p/2 core levels. Fitting of Eq. (1) to experimental data was performed using the XPS Multiquant software [39] .
Measurements of catalytic activity
Measurements of reaction rates were carried out using a quartz-tube, packed-bed reactor (10 mm inner diameter). Quartz wool was placed below the catalyst bed to hold the catalyst in place. The reactor temperature was maintained using a tube furnace equipped with a Watlow temperature controller and a K-type thermocouple. Prior to reaction, the catalyst was treated in 30 cm 3 min À1 of H 2 at 823 K for 1 h before cooling to the reaction temperature. In a typical experiment, acetone was introduced into a He stream flowing at 30 cm 3 min À1 using a syringe pump (Cole Parmer, 74,900 series). Diacetone alcohol, mesityl oxide, water, and pyridine were also fed in a similar manner. All experiments were carried out at a pressure of 1 atm. Product streams were analyzed by gas chromatography using an Agilent 6890A GC fitted with a HP-5 capillary column (30 m Â 0.32 mm Â 0.25 lm) and a flame ionization detector. Kinetic measurements of acetone condensation were carried out at <5% conversion, where the selectivity of MIBK was always >95%. Diisobutyl ketone was the only other product observed in significant amounts. The reported condensation rates were calculated by assuming that diisobutyl ketone is formed by condensation of acetone and MIBK. One additional experiment was performed at an acetone conversion of 27.8% (Table S1 ). Under these conditions, the measured carbon balance was 95 ± 5%. 2-propanol and methyl isobutyl carbinol were observed as additional products. These products are presumably formed by the hydrogenation of acetone and MIBK, respectively. Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.jcat.2018.07.005.
Theoretical calculations
Periodic density functional theory (DFT) calculations were performed with the Vienna Ab Initio Simulation Package (VASP) using the projector augmented wave method (PAW) [40] . The PBE generalized-gradient-approximation (GGA) exchange-correlation functional was used with a kinetic cutoff energy of 400 eV [41] . Brillouin-zone integrations were performed using the gamma point [42] . Optimization was done with the conjugate-gradient algorithm until the total atomic forces were below 0.01 eV Å
À1
. Refinements in the size of the k-point mesh and cutoff energy showed that the energies were converged with a maximum error of ±0.03 eV. The DFT-D3 method with Becke-Jonson damping was used to correct for dispersion [43] . Transition state searches were done using the climbing nudged elastic band and dimer methods [44, 45] . Frequency calculations were run at P = 1 atm and T = 373 K. Enthalpies and entropies were determined using the quasi-rigid rotor-harmonic oscillator approximation [46, 47] .
The hexagonal structure of HAP with P6 3 symmetry was used to construct a 1 Â 2 Â 2 supercell [48] . Acetone adsorption and enolate formation on HAP were studied on the hydroxyl-rich termination of the (0 1 0) plane since it has been proposed that this plane is active for CAC coupling reactions [21, 49] . A 20 Å vacuum gap above the surface was used to minimize unwanted interactions between adjacent surfaces. The lattice parameters were optimized using the bare surface of each structure and subsequently fixed for the ensuing calculations. Atoms in the bulk were also fixed after optimization, while the top two layers were allowed to relax in the calculations. The ion-exchanged HAP catalyst were modeled by substituting one of the four equivalent Ca atoms on the surface of the (0 1 0) plane with a divalent metal.
Several gas phase calculations with deuterated and hydrogenated molecules were also carried out using the Q-Chem simulation package [50] . Calculations were performed at the xB97X-D/6-311++G(3df,3pd) level of theory.
Results and discussion
Characterization of IE-HAP catalysts
The structural properties of as-prepared catalysts are shown in Table 1 . The surface areas for all samples are between 87 and 92 m 2 /g with the exception of Pb-HAP, which is 71 m 2 /g. The difference in mass between Ca and the heavier Pb atom does not fully account for the difference in surface area ( Table 1 ), suggesting that the surface of HAP is modified by a dissolution/reprecipitation mechanism during the exchange procedure with Pb 2+ . Indeed, TEM images taken by Yasukawa et al. have shown that incorporation of Pb via ion exchange induces a change in morphology and increase the aspect ratio of HAP [27] . All major diffraction peaks observed in the powder XRD patterns can be ascribed to a nanocrystalline apatite structure ( Fig. 1 ) [49, 51] . There is no shift in the 2h peak positions for any sample, indicating that the lattice parameters for the bulk structure do not expand or contract due to incorporation of metal cations. No additional metal oxide phases can be seen by XRD, although this does not exclude the possible presence of very small metal oxide nanoparticles. The particle size of the cation-exchanged apatite as determined by the Scherrer equation using the (0 0 2) and (3 0 0) diffraction peaks are 22 and 17 nm, respectively, for all samples, indicating that there is a slight elongation along the c-axis. This observation is consistent with literature reports that HAP tends to grow along the c-axis during wet synthesis [49] . TEM images of HAP before and after exchange with Sr 2+ reveal similar morphologies, with a distribution of semispherical particles ranging from 10 to 40 nm in diameter with an average size of 20 nm (Figs. S1 and S2). Comparison of the images shows that the ion-exchange procedure does not affect particle size or shape. Raman spectroscopy was used to confirm the absence of metal oxide nanoparticles (Fig. 2) . Four sets of vibrational frequencies are found at 400-485 cm (m 1 ), and 1020-1085 cm À1 (m 3 ) which correspond to the stretching and bending modes of phosphate groups [52] . No bands corresponding to other calcium phosphate phases such as b-TCP and orthophosphate are detected [53] . An additional band is observed at 930 cm À1 for the Pb-HAP sample which is ascribed to phosphate groups that are adjacent to lead atoms [54] . Lead forms a stronger covalent bond with the nearby oxygen and causes a shift in the phosphate stretching mode [54] . This shift is not observed in the other substituted HAP samples, most likely because the other metals were exchanged at lower loadings and are more ionic in [55] . XPS was used to determine the location of the exchanged metal species. ICP-OES provides information about bulk composition while XPS is surface sensitive. By comparing the results of both techniques, it is possible to determine the degree of ionexchange at the catalyst surface. It is helpful to consider the two extremes regarding the location of the exchanged metal species. In the first extreme, we assume the IE-HAP synthesis procedure produces a homogeneous distribution of the exchanged cation with no difference in the bulk and surface elemental compositions. However, this assumption leads to a contradiction in predicted compositions as measured by ICP-OES and XPS (Fig. S3 ). In the other extreme, we assume that ion-exchange happens at the surface of HAP with limited dissolution/re-precipitation. This scenario would result in the substituted cation residing only in the top monolayer of HAP. Using this assumption, the calculated surface compositions from ICP-OES and XPS data give similar results (Fig. 3) , indicating that the exchanged cations are present predominantly at the surface.
A more detailed analysis of the distribution of the exchanged cations was performed by modeling the ion-exchanged HAP as a 20 nm spherical particle composed of two layers: an outer surface layer containing a homogeneous mixture of Ca 2+ and the exchanged cation and an inner core that only contains the native Ca 2+ cations. The ICP-OES and XPS data could be fit to this model in order to obtain an estimate for the thickness of the outer exchange layer. As shown in Table 1 , the depth of the exchange layer for all samples is between 0.5 and 1.1 nm. Since the average thickness of one monolayer in HAP is $0.3 nm, the exchanged cations appear to be able to penetrate down to a maximum of two to three monolayers from the surface. Temperature-programmed desorption (TPD) of CO 2 was performed to determine the number of basic sites over the IE-HAP samples. As shown in Table 1 , all samples have similar basic site density, which is further proof that no major surface restructuring occurs during ion-exchange treatment. Mg-, Ca-, Sr-, Ba-and Cd-HAP exhibit two CO 2 desorption peaks at 348 and 623 K which correspond to weak and medium strength basic sites, respectively, whereas Pb-HAP exhibits only one broad peak from 348 K to 573 K (Fig. S4) [56] .
Acetone condensation over IE-HAP
Scheme 1 shows how we envision the condensation of acetone to produce MIBK proceeds. The first step is the reversible condensation of acetone to DAA, which then undergoes dehydration to form mesityl oxide (MO). This overall reaction is thermodynamically unfavorable and is characterized by an equilibrium conversion of 4.7% at 373 K, which we observed experimentally. This corresponds to DG rxn = +6.9 kcal/mol, in good agreement with the value obtained from DFT calculations, DG rxn = +7.7 kcal/mol. To overcome this thermodynamic limitation, MO must be hydrogenated to MIBK over 3 wt% Pd/SiO 2 . This shifts the equilibrium towards the right and simplifies measurement of the reaction kinetics for formation of MIBK. At low partial pressures of acetone (< 0.5 kPa) and slightly higher reaction temperatures (423 K), the rate of MIBK formation is 1.5 order with respect to acetone (Fig. S5) , suggesting that the rate-limiting step occurs during the coupling of two acetone-derived surface species or involves a reaction with an intermediate formed from the bimolecular coupling of two acetone molecules.
To support the reaction mechanism presented in Scheme 1, various intermediates were fed over HAP to determine the relative rates of each reaction step (Table 2) . When DAA is used as the reactant, quantitative conversion is reached with 97% selectivity to acetone. Even after H 2 is added to increase the rate of hydrogenation, DAA is converted to acetone with 87% yield, indicating that the retroaldol reaction is much faster than the rate of DAA dehydration. This suggests that acetone and DAA are in pseudoequilibrium. A mixture of MO, H 2 O and H 2 was fed over HAP to compare the relative rates of dehydration and hydrogenation. MIBK was formed with 99% yield, indicating that hydrogenation is rapid in the presence of H 2 and dehydration of DAA is the slowest step. Identical studies over Cd-, Mg-, Sr-and Ba-HAP gave similar conversions and product selectivities ( Table S2) , showing that the mechanism is similar over all ion-exchanged catalysts.
Mechanistic studies of aldehyde dimerization over HAP at 533-673 K by Young et al. and Hernández-Giménez et al. have suggested that product desorption is slow in the absence of a hydrogen donor [57, 58] . If product desorption is rate-limiting, then every surface reaction prior to that step is quasi-equilibrated, including the dehydration of DAA. To determine whether this idea is applicable to acetone dimerization at 373-423 K, it is important to note that dehydration of DAA produces H 2 O. Thus, if surface dehydration is quasi-equilibrated, the addition of H 2 O will decrease the concentration of adsorbed MO species, and the reaction rates should be inverse order with respect to H 2 O partial pressure under all operating conditions (Scheme S1). Experimentally, the rate of MIBK formation is À0.1 order with respect to H 2 O at high acetone partial pressures (20 kPa), suggesting that product desorption is not rate-limiting (Fig. S6) . Instead, H 2 O appears to inhibit the rate of reaction by competitive adsorption.
Kinetic isotope experiments were conducted using H 6 -acetone/ H 2 and D 6 -acetone/D 2 in order to verify the conclusions drawn from the co-feed studies. If k H /k D is significantly greater than one, the rate-limiting step involves the cleavage of a bond involving a hydrogen atom. However, if reaction rates are invariant with deuteration, this would infer that the cleavage of a CAC or CAO bond is ratelimiting. Experimentally, an inverse isotope effect of k H /k D = 0.55 is observed. To understand the origin of this result, gas-phase DFT calculations were performed with deuterated and non-deuterated molecules (Table 3 ). H 6 -acetone dimerization to DAA is energetically uphill (DG rxn = +10.1 kcal/mol) and the subsequent dehydration to MO is only mildly favorable (DG rxn = À2.3 kcal/mol), which Table 2 Conversion and yield of key reaction intermediates over HAP. T = 373 K; mass HAP = 0.01 g; mass Pd/SiO2 = 0.04 g ; P DAA or MO,H2O = 0.1 kPa; P H2 = 0 or 5 kPa; total gas flow rate at STP = 100 cm 3 [60, 61] . Several related studies of aldol condensation reactions over HAP and other metal oxides report that dehydration of the aldol intermediate is facile [21, 61, 62] . However, these studies were conducted at higher temperatures (>533 K) compared to the current work (373 K). Monomolecular dehydration is favored entropically due to the formation of two products from one reactant. Thus, dehydration of the addition product becomes more difficult at lower temperatures relative to other steps such as enolate formation and CAC coupling. This is likely why many liquid phase studies of acetone condensation (which are typically conducted at T < 373 K) report that aldol dehydration is slow compared to the formation of the addition product [63, 64] .
In-situ titration experiments were performed to determine the site requirements for acetone condensation (Fig. 4) . Co-feeding pyridine (1 kPa) does not significantly affect MIBK formation rates, which indicates that acid sites are weak and cannot bind pyridine strongly, consistent with DRIFTS studies of adsorbed pyridine reported by Hill et al. [65] By contrast, introducing CO 2 decreases rates by more than an order of magnitude, suggesting that the rate-limiting dehydration of DAA mainly occurs over basic sites. At first glance, this may seem contradictory to findings by Kibby et al., who found that alcohol dehydration over HAP requires acid sites [66] . However, those reactions were performed with unactivated alcohols at much higher temperatures (500-600 K). The dehydration of DAA is more facile than typical alkanols because the C a AH bond is weakened by the nearby carbonyl group, which makes the a-hydrogen more prone to attack by a base. The ease of a-hydrogen abstraction suggests that DAA dehydration can proceed via an E 1cB mechanism at low temperatures in which an enolate species is formed via a-hydrogen abstraction by a basic surface oxygen atom. The hydroxyl group in DAA is subsequently eliminated to form MO and water. E 1cB mechanisms are observed commonly in homogeneous aldol dehydration reactions with NaOH and have been proposed for alcohol dehydration over solid base catalysts such as MgO [67] [68] [69] . A central question in the E 1cB mechanism is whether proton abstraction or subsequent carbanion decomposition is rate-limiting. This issue can be addressed by noting that that proton abstraction of DAA and acetone both occur at the a-carbon next to the carbonyl group. Since enolate formation of acetone is rapid and reversible over HAP, it suggests that proton abstraction of DAA is rapid as well. This conclusion is in agreement with the observed inverse isotope effect, indicating that C-H bond cleavage is not rate-limiting. Thus, DAA and its enolate are in pseudo-equilibrium and the subsequent elimination of OH À to form MIBK is slow and irreversible.
The results reported to this point show that the surface oxygen atoms of HAP are responsible for proton abstraction from DAA. Therefore, we hypothesized that increasing the basic strength of these oxygen atoms should enhance the overall reaction rate. This was tested by measuring acetone condensation rates over the various ion-exchanged HAP catalysts. Since these catalysts contain both Ca 2+ sites and M 2+ sites, the extent of exchange needs to be considered to determine the true effect of the exchanged cation on reaction rates. Calculations show that the bonding between CaAO in HAP is mostly ionic with localized electron density [55] . . MIBK formation rates of each sample were normalized by the surface area or basic site density (as determined by CO 2 -TPD) after accounting for the extent of exchange and are plotted in Fig. 5 . Since the electron density of the oxygen atoms are influenced by the neighboring cations, the electronegativity of the cation, which is a measure of the propensity to attract electrons, can be used as a descriptor of basicity. As the basicity of the catalyst increases from Pb 2+ to Sr 2+ , the reaction rates also increase. However, even though Ba-HAP is more basic than Sr-HAP, it is three times less active, suggesting that either an appropriate balance of acid and base strength is necessary, or a more detailed descriptor is needed. The measured activation energies are in relative agreement with the rates. With increasing basicity, the apparent activation energy decreases from 16 kcal/mol for Cd-HAP to 11 kcal/mol for Sr-HAP and then increases to 14 kcal/mol for Ba-HAP.
DFT calculations were performed to gain more insight into the mechanism of DAA dehydration. The OH-terminated (0 1 0) plane on HAP was chosen as the model surface because it is preferentially exposed under the used synthesis conditions (co-precipitation method, high pH) [49] . Furthermore, studies by Tsuchida et al. [31] and Rodrigues et al. [71] have shown that HAP catalysts with Fig. 4 . Effect of titrant on MIBK formation rate. Reaction conditions: P Acetone = 5 kPa, P H2 = 5 kPa, P Titrant = 1 kPa, T = 373 K, mass HAP = 0.01 g, mass Pd/SiO2 = 0.04 g.
higher Ca/P ratios exhibit higher rates for aldol condensation, suggesting that the active site is located on the OH-terminated (0 1 0) plane, which possesses the highest Ca/P ratio of all low index planes. DFT studies by Corno et al. demonstrate that the stoichiometric (0 1 0) surface will spontaneously undergo hydroxylation in the presence of water (a byproduct in the aldol dehydration step) to form a surface that resembles the OH-terminated (0 1 0) plane [72, 73] . The surface Ca atoms on the OH-terminated (0 1 0) plane are located in the Ca(II) sites adjacent to the columnar hydroxyl groups, as shown in Fig. 6 . However, a pristinely cut, OH-terminated (0 1 0) surface on HAP is typically not observed experimentally. Instead, some of the surface phosphate groups hydrolyze to form weakly acidic POH groups, as evidenced by IR spectroscopy [74] . In addition, the Ca/P ratio on the surface as measured by XPS is usually lower than that of the bulk, suggesting that a fraction of the surface cation sites contains a pair of protons or a proton plus hydroxyl group vacancy in place of Ca 2+ [75, 76] .
Although these various modifications may play a role in condensation reactions, the structures and geometries of these surfaces have not been clearly defined. Thus, modeling and structure calculations of these hypothetical surfaces are beyond the scope of the current work.
We first considered the adsorption of DAA onto HAP. Two adsorption geometries were considered: a monodentate adsorption mode for which only the carbonyl oxygen is bound to a Ca 2+ ion and a bidentate adsorption mode for which both the carbonyl and hydroxyl groups are bound to the same Ca
2+
. We found that the monodentate adsorption was thermodynamically uphill (DG ads = +14.2 kcal/mol) due to the entropy loss upon adsorption, whereas the bidentate adsorption was found to be favorable (DG ads = À5.1 kcal/mol). The energetic stabilization comes from the additional Ca-O interaction as well as the H-bonding between the DAA hydroxyl group and an adjacent phosphate group, shown in Scheme 2. Fig. 7 illustrates the computed Gibbs free energy profile for the reaction of adsorbed DAA on the surface of Ca-HAP. After To relate the experimental activation energies to DFT calculations, it is necessary to identify the rate-determining intermediate of the system. The experimental activation energies were measured at P acetone = 15 kPa, where the reaction is 0.1 order with respect to acetone (Fig. S7) . This indicates that the active sites of HAP are mostly occupied by an adsorbed intermediate. Although the conversion of acetone to MIBK is controlled by the rate of DAA dehydration, it is possible that the most abundant surface intermediate is adsorbed acetone. Acetone adsorbs preferentially onto Ca atoms via its carbonyl oxygen, similar to DAA. To balance the reaction stoichiometry, the adsorption of two acetone molecules was considered. It was found that both acetone molecules could adsorb on the same Ca atom (DE = À37.0 kcal/mol) but the most stable geometry involves two acetone molecules adsorbed on adjacent Ca atoms (DE = À44.3 kcal/mol, DG = À9.7 kcal/mol). This adsorption mode (species II in Scheme 2)) was found to be more energetically stable than adsorbed DAA by 11.1 kcal/mol, suggesting that the surface is covered by acetone under reaction conditions. This is what is shown in Fig. 7 .
The calculated apparent activation energy for acetone condensation is 21.7 kcal/mol, as seen in Fig. 8 , which is higher than the value of 14 kcal/mol measured experimentally. We hypothesize that this difference in activation energies could be attributed to additional bonding interactions between adsorbed intermediates and chemisorbed water formed in situ. Calculations show that the presence of water does not reduce the barrier of enolate formation over HAP. As mentioned previously, the surface hydroxyl group on HAP have a certain degree of mobility around the Ca atom and can orient itself to form a strong bonding interaction with the a-proton of DAA, as demonstrated by the short distance between the a-proton and hydroxyl group in the TS (H a AO hydroxyl = 1.24 Å, Fig. S8 ). Thus, a water-mediated proton transfer pathway does not change the activation barrier because the surface hydroxyl group is placed ideally to accept the a-proton. On the other hand, the presence of water plays a beneficial role in stabilizing the leaving hydroxyl group on DAA through multiple hydrogen-bonds during CAO bond cleavage of the enolate (Fig. S9) . The electronic barrier decreases from 11.0 kcal/mol to 5.7 kcal/mol, which is similar to the difference between the apparent calculated and experimental activation energies. However, due to the myriad of possible H-bonding configurations over the surface of HAP when water is introduced, it was not feasible to calculate the full reaction pathway accurately in the presence of water.
The electronic energies of the intermediates and barriers for DAA dehydration were also determined for Mg-, Sr-and Baexchanged HAP. These materials were modeled by replacing one of the four geometrically equivalent surface Ca atoms in the HAP supercell with another alkaline earth metal, which corresponds to a surface exchange of 25%. The optimized lattice parameters for Mg-, Sr-and Ba-HAP deviated by less than 1% compared to that of the native Ca-HAP, showing that surface cation exchange does not affect the bulk structure.
The electronic adsorption energy of two acetone molecules decreases in the order of Ca-HAP (À45.2 kcal/mol) > Mg-HAP (À44.1 kcal/mol) > Sr-HAP (À42.0 kcal/mol) > Ba-HAP (À38.0 kcal/mol). In all cases, acetone binds in an upright position with the carbonyl oxygen oriented towards a M 2+ cation. The relative adsorption energies over Ca-, Sr-and Ba-HAP follow the trend that stronger Lewis acids bind acetone more tightly. However, we observed that acetone adsorption on Mg-HAP is weaker than on Ca-HAP, even though Mg 2+ is a stronger Lewis acid than Ca
. Closer inspection of the bare surfaces reveals that reorientation of the surrounding phosphate groups allows the smaller Mg 2+ cation to sit more deeply in the framework than Ca 2+ , thereby maximizing the bonding interaction with the O atom directly beneath it (MgAO b = 2.38 Å, Fig. S10 ). Local reorientation of surrounding phosphate groups around a smaller cation has also been reported for Ni-, Cu-and Zn-exchanged HAP [55] . Upon adsorption of acetone, the Mg 2+ cation is displaced upward from the surface enabling it to coordinate with acetone, which causes the MgAO interaction to weaken (MgAO b = 2.65 Å). This phenomena does not occur with the larger Ca 2+ cation (Fig. S10) , which retains a strong coordination to all oxygen atoms in the first shell regardless The most stable geometry of adsorbed DAA was found to be identical over all catalysts, with adsorption energies that differed by less than 5 kcal/mol. However, formation of the corresponding enolate was much more favorable over Mg-and Ba-HAP compared to Ca-HAP and Sr-HAP. In the case of Mg-HAP, the smaller Mg 2+ cation is unable to fully coordinate with every neighboring oxygen atom. Fig. S11 shows that As shown in Fig. 9 , the set of elementary steps for DAA dehydration was found to be identical over Mg-, Ca-and Sr-HAP. For each catalyst, adsorbed acetone is the resting state. The a-proton of DAA is abstracted, and the subsequent CAO bond cleavage to form adsorbed MO + H 2 O is the rate-limiting step. Ba-HAP followed a similar pathway, but the intermediate DAA enolate is more energetically favorable than adsorbed acetone. The calculated electronic barriers for acetone condensation over Mg-, Ca-, Sr-and Ba-HAP are 22.0, 22.1, 20.5 and 21.8 kcal/mol, respectively. The trend in the values of the computed activation energy qualitatively agree with that found experimentally, with Sr-HAP having the lowest activation barrier in both cases. Overall, the calculations reveal that Sr-HAP is the best material because it can catalyze a-proton abstraction and CAO bond cleavage without binding acetone or DAA enolate too strongly. While qualitative descriptors such as Lewis basicity and electronegativity can be used to describe the site requirements for acetone condensation, a deeper understanding of the adsorption geometries is needed to explain why reaction rates over Ba-HAP are lower than the less basic Sr-HAP.
The correlations between cation electronegativity and catalytic activity parallel previous findings in literature regarding aldol coupling over alkaline earth metal oxides [64, 77, 78] . For example, Frey et al. demonstrated that as the electronegativity of the cation decreases (Mg 2+ ? Ba 2+ ), the initial heat of CO 2 adsorption and acetone condensation rate both increase over the corresponding alkaline earth metal oxide [78] . They proposed that strong basic sites enhance the surface enolate concentration which leads to higher reaction rates [62] . Our results show that in the context of aldol dehydration, decreasing cation electronegativity leads to increased reaction rates, with the exception of barium. DFT calculations show that Ba-HAP stabilizes the aldol enolate intermediate more than Mg-, Ca-, or Sr-HAP. This finding is in line with the idea that surfaces with stronger basic sites possess a higher concentration of surface enolate species, consistent with previous literature. Within the HAP framework, a barium substituted version results in overstabilization of the aldol enolate intermediate, leading to lower reaction rates.
Conclusions
Acetone condensation to MIBK can be performed in a single step using a physical mixture of HAP and Pd/SiO 2 . The initial coupling of acetone to form DAA is equilibrated, and the subsequent dehydration of DAA to form MO is rate-limiting. In-situ titrations show that this reaction is base-catalyzed, in line with an E 1cB dehydration mechanism. A series of ion-exchanged catalysts were used to investigate the relationship between catalyst acid/base strength and activity. Sr-HAP was found to be the most active catalyst. DFT calculations reveal that the identity of the cation plays an important role in dictating the stability of adsorbed intermediates and the overall reaction barrier. Mg-and Ca-HAP are less active than Sr-HAP because Lewis acidic Mg 2+ and Ca 2+ centers bind acetone too strongly. Although Ba 2+ is less acidic than Sr
2+
, Ba-HAP is less active than Sr-HAP due to the larger size of Ba 2+ , which leads to an overstabilization of the enolate intermediate due to additional hydrogen-bonding interactions.
